A principal aim of this study was to explain our earlier finding of a lack of D-alanine in the glycerol teichoic acid from the membrane of a stabilized L-form of Streptococcus pyogenes (B. M. Slabyj and C. Panos, 1973. J. Bacteriol. 114:934-942 
Teichoic acids are cell wall or intracellular components of gram-positive bacteria (1) . Those associated with the membrane are composed of a linear polyglycerolphosphate polymer with D-alanine residues and, in some cases, glycosyl residues (8) . The in vitro incorporation of D-alanine into membrane teichoic acid of Lactobacillus casei has been demonstrated (9, 16) . The incorporation by membrane fragments is dependent upon two enzymes for the linkage of D-alanine to a membrane acceptor: stimulator (D-alanine-activating enzyme) (9) and D-alanine:membrane acceptor ligase. The reaction of labeled product formed by this in vitro system with antiserum containing globulin specific for polyglycerolphosphate confirmed that the D-[14C Jalanine incorporated was covalently linked to membrane teichoic acid (12) .
Until recently, very little was known concerning the continued presence of teichoic acids in stabilized bacterial L-forms, forms known to be completely devoid of.a rigid cell wall but still capable of propagation. The membrane of Streptococcus pyogenes possesses a polyglycerolphosphate polymer that contains D-alanyl esters and glucose residues (17) . However, teichoic acid from the membrane of a stabilized L-form of this coccus is different in that it lacks D-alanyl esters and is significantly shorter in length (17) . Therefore, these studies were undertaken: (i) to define the system in S. pyogenes for the incorporation of D-alanine into membrane teichoic acid, and (ii) to determine the defect in an L-form of this coccus responsible for the inability of its teichoic acid to accept D-alanine. This investigation was presented, in part, in preliminary forrn at the Annual Meeting of the American Society for Microbiology, Miami Beach, Fla., 6-11 May, 1973. MATERIALS AND METHODS Bacteria and media. Streptococcus pyogenes, type 12, and its stabilized (i.e., nonreverting) but osmotically fragile L-form were used. The growth medium for each has been described (17) . Static cultures of both organisms (2 x 5 liters) were incubated at 37 C and harvested when in the late logarithmic phase of growth (5.5 and 6.5 h for the coccus and L-form, respectively) by centrifugation (17,000 x g, 15 min) at 4 C. The optical density (at 660 nm) of culture at the time of centrifugation was 0.60 to 0.66 and 0.24 to 0.28 for the coccus and L-form, respectively. Coccal cells were washed with physiological saline (3 x) and the L-form was washed with 3% NaCl solution (2x) and physiological saline (1 x) .
Enzyme and membrane preparations. Cells were broken after being suspended (30% suspension) in buffer A (0.005 M Tris-hydrochloride, pH 7.8, and 0.005 M 2-mercaptoethanol). Cellular disruption was accomplished by shaking each suspension (40 ml) with plastic beads (35 g) and a drop of antifoam in a Bronwill cell homogenizer at 4,000 rpm from 7 to 9.5 min essentially as has been detailed elsewhere (16) . The procedure for the preparation of supernatant fraction and membrane fragments from such disrupted cells for these studies has appeared (16) . Membrane fragments prepared by extruding through an orifice at low temperature in the Biotech "XPress" (Biochemical Processes, Islip, N.Y.) or those obtained with the Bronwill cell homogenizer operating at low speed (2,000 rpm) were inactive when assayed.
Hydroxamate assay. The D-alanine activating enzyme was determined with the hydroxamate assay of Baddiley and Neuhaus (2) . This enzyme (E) activates D-alanine according to the reaction: E + D-alanine + ATP Mg2+ E-AMP-D-alanine + PP, and may be assayed by the formation of D-alanine hydroxamate when the reaction mixture contains hydroxylamine. The reaction mixture contained (in mM): MgCl,, 100; adenosine 5'-triphosphate (ATP), 10; NH2OH, salt free (pH adjusted to 7.3) 1,000; D-alanine, 100; Tris-hydrochloride, pH 7.8, 100; and enzyme fraction in a total volume of 0.5 ml. The reaction mixture was incubated at 37 C for 1 h. The reaction was terminated by the addition of 3 M HCl (0.5 ml) and the amount of hydroxamic acid determined by the FeCl,-complex colorimetric method of Cormier and Novelli (5) . In every case control experiments were performed without added D-alanine. A unit of D-alanine activating enzyme is defined as the amount of enzyme required for the formation of 1 nmol of alanine hydroxamate per h. The specific activity is expressed as units per mg of protein.
If alanine activation is measured by the hydroxamate procedure it is referred to as the D-alanine activating enzyme. If, instead, this function is assayed in terms of the stimulation of alanine incorporation into membrane acceptor in the presence of ligase the activity is referred to as stimulator (9) (see alanine incorporation assay). On the basis of several lines of evidence it has been suggested that stimulator is the D-alanine activating enzyme in L. casei (9 
RESULTS
The incorporation of D-alanine into membrane fragments requires ATP, Mg2+, and supernatant fraction (Table 1A) . Boiled membranes were inactive. The incorporation was linear to 60 min, the maximum time tested. In contrast, no incorporation of D-alanine was observed with membrane fragments and supernatant fraction from the L-form (Table 2) . Increasing the concentration of the various components of the assay mixture (threefold) or the reaction time (to 3 to 4 h) and varying the pH of the reaction mixture (pH 5 to 8) failed to result in incorporation by membrane fragments from the L-form.
In an attempt to define the reason for the inability of the L-form system to incorporate D-alanine, supernatant fraction from the coccus was used with membrane fragments from the VOL. 120, 1974 (Table 2) . Under these conditions, the requirements for incorporation were similar to those listed in Table 1A for the coccal system. In Fig. 1 the results of alanine incorporation with fractions from S. pyogenes and the L-form into membrane fragments from the parent organism are illustrated. Near linearity was observed when varying amounts of the supernatant fractions were used. Although not shown, a linear relationship was obtained when streptococcal supernatant fraction (190 MAg) was used with varying amounts of the membrane preparation (to 330 ug). Likewise, a similar relationship was observed when L-form supernatant fraction (98 Mg) was used with differing amounts of coccal membrane fragments (to 107 Mg).
The pH optimum for the incorporation of D-alanine into coccal membrane fragments by supematant fraction from both the coccus and L-form is between 6.3 and 6.9 (Fig. 2) . The effect of D-alanine concentration on the rates of incorporation for the supematant fractions from the two organisms was studied. From the Lineweaver Burk plot, a Michaelis-Menten constant (Kin) of 26 ,M was established for the complete streptococcal system. With supernatant fraction from the L-form and coccal membranes, a Km of 28 gM was determined (Fig. 3) .
Earlier studies had indicated that sodium chloride inhibits the incorporation of D-alanine by membrane fragments of Lactobacillus casei (16) . Others had shown that cells grown in media with 7.5% NaCl contained teichoic acid with fewer alanine residues (7). Because the L-form of this coccus requires a high sodium chloride content for osmotic stability and growth, the effect of this salt on the incorpora- [14C]alanine into the streptococcal membrane frag-presence of the D-alanine activating enzyme in ments (214 Mg) using supematant fractions from the supernatant fractions from S. pyogenes and its L-form (196 Mg) (0) and streptococcus (190 Mg) 0). stabilized L-forms has been detected and is Tris-maleate buffers (200 mM) were used in the "ala-proportional to the amount of fraction added nine incorporation assay". (Fig. 4) . The specific activities of this enzyme from both organisms are the same (Table 2 ).
-l-l.-l- (Fig. 5) were assayed in the presence of the heat-treated fraction (i.e., ligase), a stimulator peak was observed (60 ml). Reassaying column fractions with protein from the stimulator peak revealed the elution profile of the ligase (156 ml, Fig. 5 ). As indicated in Table 1A , D-alanine incorporation into membranes requires supematant fraction, ATP, and Mg2+. The requirement for the supernatant fraction can be replaced with the addition of stimulator and ligase (Table 1B) .
Chromatography of the supematant fraction from L-form cells by application of a linear gradient resolved two protein fractions, one corresponding to stimulator and the other to D-alanine:membranes acceptor ligase (Fig. 6) ; stepwise elution did not completely resolve stimulator from ligase. Thus, supernatant fractions from both S. pyogenes and its stabilized L-form contain stimulator (D-alanine activating enzyme) and ligase. DISCUSSION A principal aim of this study was to explain the absence of D-alanine in the teichoic acid from the membrane of a stabilized L-form of S. pyogenes (17) . Previous Chromatography of supernatant fraction from S. pyogenes on DEAE-cellulose. Supernatant fraction from S. pyogenes (368,000 x g) (92 mg) chromatographed on a DEAE-cellulose column (1.3 by 25 cm). The column was equilibrated with 0.01 M Tris-hydrochloride, pH 7.8. The column was developed with 0.15 M NaCI and 0.3 M NaCI in 0 01 M Tris-hydrochloride, pH 7.8, as indicated. The fractions (7.5 ml) were assayed for stimulator (0) and ligase (0) with "alanine incorporation assay" using parent membrane fragments (160 Mg) as follows: as a control, 10 uliters of each fraction (0); for stimulator (0) 10 pliters of each fraction plus 90 Mg of 60 C treated fraction (i.e., ligase); and for ligase (0), 10 ,uliters of each fraction plus 5 Mliters of the fraction eluted at 60 ml (i.e., stimulator). The fractions were also assayed for the D-alanine activating enzyme (A) as described in Materials and Methods. (7.5 ml) were assayed for stimulator and ligase with the "alanine incorporation assay" using parent membrane fragments (160 ug). The stimulator (0) was assayed by using 10 Mliters of each fraction plus 65 Ag of heat treated (60 C) supernatant fraction (ligase, L-form). The ligase (0) was assayed with 10 Mliters of each fraction plus 10 uliters of fraction 13 (90 to 98 ml).
synthetase (D-alanine:D-alanine ligase) (EC 6.3.2.4) (13) . In the present paper we demonstrate that the L-form contains two soluble enzymes for the incorporation of D-alanine into membrane teichoic acid but it lacks functioning membrane acceptor activity. Thus, the known cytoplasmic enzymes for alanine utilization are present in this L-form that is unable to synthesize a rigid cell wall.
The incorporation of D-alanine into the membrane teichoic acid of S. pyogenes requires stimulator (D-alanine activating enzyme), ligase, membrane fragments, Mg2+, and ATP. Ligase and stimulator (D-alanine activating enzyme) have been identified in S. pyogenes and its stabilized L-form. Thus, the following twostep reaction proposed earlier for the incorporation of D-alanine into the membrane teichoic acid of a lactobacillus (9) appears to apply to this group A streptococcus as well, i.e., No incorporation of D-alanine was observed with the supernatant fraction and membrane fragments prepared from the stabilized L-form. Also, no incorporation was observed with either L-form or coccal supernatant fraction when L-form membranes were used. However, both supernatant fractions successfully catalyzed the incorporation of D-alanine into the membranes of the parental coccus. Thus, the L-form possesses the required soluble components for Dalanine incorporation but the L-form membrane does not function as acceptor even though it contains D-alanine deficient membrane teichoic acid. Three of several possible roles for the membrane may explain this defect: (i) the membrane facilitates the formation of a specific teichoic acid complex with other components, (ii) the membrane establishes a specific conformation of the acceptor teichoic acid, or (iii) the L-form lacks a required membraneassociated enzyme(s). Conformational changes at the membrane level may be analogous to those already suggested for the rigid cell wall. For example, Young, Maino, and Stieglitz (Abstr. Annu. Meet. Amer. Soc. Microbiol, 30 April-4 May, N.Y., 1967, G24) found that free glycosylated teichoic acid did not inhibit the adsorption of phage to cell walls, suggesting that phage adsorption requires a fixed conformation of teichoic acid. Likewise, Coyette and Ghuysen (6) suggested that, in order for effective adsorption of phage to occur, the carbohydrate moieties of the teichoic acid polymer must possess a precise orientation that is imparted to this polymer by the binding of the teichoic acid to the peptidoglycan structure. Our results suggest that the defect in the L-form system for the incorporation of D-alanine resides in the inability of its membrane to function as acceptor. It is known that the glucose-containing teichoic acid from this L-form is shorter in length than that obtained from its parental coccus (13 versus 25 glycerolphosphate units) (17) . This reduced chain length in the L-form may effect a conformational change in its membrane teichoic acid. On the other hand, the formation of a specific teichoic acid complex, such as lipoteichoic acid as a possible acceptor in the reaction catalyzed by the polyglycerol phosphate polymerase of Mauck and Glaser (11), may be necessary for alanine incorporation and is defective in the L-form. However, since D-alanine incorporation is completely inhibited when the membrane is heat denatured, the role of an as yet unidentified membrane associated enzyme(s) cannot be ruled out. Thus, lack of D-alanine acceptor capacity may be due to an alteration in the a ceptor teichoic acid, or a change in its conformation or the lack of an essential enzyme(s) associated with the membrane. Further analyses of the D-alanine incorporation system in the L-form may provide additional clues to these changes and for the possible existence of additional enzymes that may exist before incorporation can occur.
Past studies have documented differences in complex lipids and fatty acids between the membranes of this coccus and its L-form (4, 14) . In contrast, electron microscope studies have failed to establish significant differences in thickness between these two membranes (C. Panos and M. Chevion, unpublished data). However, electron spin resonance spectroscopy, using a spin-labeled fatty acid as the probe, has indicated a difference in the mobility of the lipids in the membranes of this coccus and its L-form (M. Chevion and C. Panos, manuscript in preparation) . This is consistent with a possible structural alteration in the membrane of this stabilized L-form that may affect the D-alanine incorporation system.
